This is a study of the interaction effects of the dual frequency (210 and 33 kHz) backscatter signal with seafloor sediment and benthic biota along a transect in water 27-83 m deep offshore of the Goa region of India's central west coast. Estimation of the power law exponent using seafloor topographic data provided equivalent values even when using dual high-frequency systems for different grain-size sediments. Backscatter signals corrected from system-related gain, etc., reveal better correlations with sedimentary and benthic parameters than the estimated coherence parameters (using echo peaks).
Introduction
Understanding sound-signal characteristics from the seafloor is very complicated because of variations in the physical parameters at different scales. For seafloor characterization, the vertical incidence beam of an echosounding system has long been recognized as a useful profiling tool (Pace, 1983) . Parameters such as sediment grain size, surface relief at the water-sediment interface, and variations within the sediment matrix generally control the sound-signal scattering. Studies using multi-parameter-based scattering models have been employed for seafloor classification and characterization, using the echo-peak probability density function (Rice PDF). Rice PDF-based studies provide mixed results for coarser seafloor sediments (sand and silty sand), but for finer seafloor sediments (clayey silt and clays), classification is difficult (Chakraborty and Pathak, 1999) .
However, currently developed temporal models (Pouliquen and Lurton, 1982) utilizing echo envelopes are successful for certain specific data sets, although these models may not produce reliable results for dominant biogenic or anisotropic seafloor sediments, which may require further stringent approximations (Sternlicht and de Moustier, 2003) . In order to develop the most general quantitative model, a rigorous understanding of the physical relationship among processes (environmental) and properties (acoustic, electrical and mechanical) being developed at the high frequency ranges of the acoustic signals (Thorsos and Richardson, 2002 ) is required. Specifically, such a quantitative model must include such processes as sediment-habitat interactions (Richardson and Bryant, 1996) and the effect of seafloor calcium carbonate contents on backscatter signals (Davis et al., 1996) for remote sediment characterizations. This means that regional seafloor backscatter and sediment data acquisition in several areas is needed for effective model development.
Earlier work involving Rice PDF studies from three locations of the western Indian continental shelf between Mangalore and Kochi provided information on seafloor microtopographic roughness at 12 kHz (Chakraborty et al., 2001) . This work extends the detailed data acquisition activity of January 2005 (Anon., 2005) in the shelf region off Marmugao (Figure 1 ) with a dual-frequency (210 and 33 kHz) vertical beam echo-sounding envelope exercise with surface sediment sample collection at seven locations (1-7), covering finer clays and coarser sands. The importance of benthic production is known in this part of the study area (Parulekar, 1976; Parulekar et al., 1982; Ingole et al., 2002) , and it allowed us to check the effect on the dual acoustic-signal frequencies attributable to benthic habitats. Further, estimation of the quantitative biomass and population density of benthic habitats at these seven locations was carried out using sediment samples. We wish to present the statistical relationship between the acoustic signal backscatter parameters and certain environmental parameters of geological and biological importance on this central western Indian continental shelf. In addition, we acquired dual-frequency backscatter signals and sediment samples from seven other locations (8) (9) (10) (11) (12) (13) (14) in the vicinity (Figure 1 ). This was done to validate the results obtained from the seven locations along the main transect. Echo data sets for the present study were acquired from flat topography; within the shelf area considered for this study the slope is less than 0.5° (Rao and Wagle, 1997) . The ship's speed was very slow (~1 knot) during data acquisition.
Material and methods

Data acquisition and the survey area
A Reson Navitronic NS-420 dual-frequency, single-beam echosounder was utilized for this exercise.
The raw analogue output on the receiver circuit board was tapped and connected to a PCL-1712L 12-bit A/D card installed on a personal computer (PC) with a sampling rate of 1 MHz. The echo data from locations 1-14 ( Figure 1 ) were acquired at frequencies of 210 and 33 kHz, with 1000 sounding pings each. As the receiving window is considered to be 40 ms, each snapshot received consisted of 40 000 sample data points from the normal-incidence beam echoes. The echo-waveform data acquired through an A/D card are binary in nature, and are converted to ASCII format within the range -5 to +5 V. We employed a two-step data-cleaning method: first, removal of the saturated or clipped waveforms, and second, removal of the waveforms showing inconsistent echo-energy values within the particular location data. The second step was carried out after employing a Hilbert transform to obtain the echo envelope, which is again suitably down-sampled to 200 points within the range 0-5 V.
Our data processing is detailed by Navelkar et al. (2005) . Examples of the dual-frequency echo envelopes are shown in Figure 2 . However, few pings were acquired from location 7 using the 33 kHz signal, so that location is not utilized in the analysis. Detail of the data-acquisition methods are also given in Chakraborty et al. (2005) . Sound-signal penetration and attenuation into the seabed is different between the 210 and the 33 kHz frequencies. The received echo length for 33 kHz is 3-4 times more than for 210 kHz in this data set.
The survey area is located off Marmugao (15°10`N 73°10`E to 15°40`N 73°55`E), and the survey was conducted aboard the coastal research vessel (CRV) "Sagar Purvi" along the track shown in Figure 1 . The single-beam 33 kHz bathymetry data along the transect and at seven stations was logged by GPS onto the PC through a serial port, using a hyper-terminal. Simultaneously, Reson 8101 (240 kHz) multi-beam, echosounder data were acquired for mapping the seafloor. The raw bathymetry data files after manual cleaning were put into grids using spline-interpolation (grid cell size 10 m), in order to plot contour maps and to extract depth profiles using Geographical Mapping Tools (GMT) (Douds, 1998) . This evenly spaced depth profile was then used to estimate the Power Spectral Density (PSD) of the grid's bathymetric data. Also, PSD estimation was carried out over the depth profile obtained from the hyper-terminal-logged data (33 kHz) (Figure 3a) . Applying the power law expression for curve fitting over the PSD provides the spectral slopes. Non-significantly different power law exponent parameters for two frequencies were 1.89 and 1.92, respectively, for the 240 and 33 kHz depth profiles, which indicate an even seafloor along the transect with different sediment grain size (Figure 3b, c) .
During the cruise, ground-truth samples were collected by grab at all locations where echo data acquisitions were made. The surface-sediment samples were analysed by pipette methods (Folk, 1968) for grain-size information in terms of sand, silt, and clay percentages, and the calcium carbonate content was determined using a Karbonate bomb ( Table 1) . Analyses of benthic habitats were carried out based on Holme and McIntyre (1984) . Sediment samples from locations 1-7 for benthic studies were acquired during the CRV "Sagar Sukti" cruise of February 2005. Table 1 . The biomass at location 3 with silty sand sediments was similar, but population density was very low. Low values of population density and biomass were found comparatively fine-grained silty clay sediments at locations 4, 6, and 7 (Table 2 ). No direct relationship among biota and sediment grain size could be drawn when comparing with the backscatter echo data of the two frequencies (Tables 1, 2) . Therefore, statistical analysis was required to determine the extent of the relationships with acoustic-signal backscatter and benthic habitat.
Coherence parameter estimation
We estimated the coherence parameter (γ) of the echo peak of the acquired waveform data. The term γ is defined as a ratio between the coherently reflected and the incoherently scattered echo energy. The Rice PDF of the echo peak amplitude e from the seabed is described (Stanton, 1984) as
The term q in the modified Bessel function I 0 (q) can be expressed as
The expected value of the echo-peak squared is denoted by <e 2 >, and γ is the measure of the relative roughness or smoothness of the seafloor, i.e. the coherence parameter. The Rice PDF is expressed with respect to γ, which is used to fit the histograms of the echo peaks. The echo-peak data so obtained from the envelope data are used to draw the histograms for each location.
In order to determine γ for the different areas, a moment method based upon Talukdar and Lawing (1991) is applied. We define a new variable y′ = e/√<e 2 > and use it in Equation (1). The first moment (μ) of the Rice PDF is expressed in terms of γ and y′ as
In Equation (3), μ varies between √π/2 (Rayleigh PDF, γ = 0) and 1 (Gaussian PDF). The mean value of the peak data set is normalized with the second moment of the echo-peak data, and is compared with the theoretical mean (μ), using Equation (2) to estimate γ. Using the estimated γ value in Equation (1), well-matched PDF curves can be plotted (Figure 4 ).
Backscatter data processing
In order to compute backscatter strength from the raw backscatter signal of the dual-beam echosounder, we followed Urick (1967), as referenced in Greenlaw et al. (2004) and Sternlicht and de Moustier (2003) :
< 10 * log 10 S > = < 20 * log 10 U A > -V tot -Gup -SL + < 40 * log 10 (R) > + 2*α b * R -10 * log 10 A,
where S is backscatter strength, U A the raw backscatter signal obtained from particular locations, and V tot is system gain and operator gain utilized in the echosounder. For the source level (SL) and receiving sensitivity (Gup), two different sets of values were used for two frequencies, i.e. 210 and 33 kHz. Similarly, for the attenuation coefficient (α b ), two values corresponding to 210 and 33 kHz were used. Here, R is the vertical depth in metres and A is the beam-insonified area. For a circular beam towards the normal incidence direction with a longer pulse period, A = πr 2 . Here, r is the radius of the footprint, which is a function of beam width and vertical distance. The computed values of backscatter strength (dB) are presented with respect to echo length. However, although echo data were acquired for an echo length of 0.04 s, we employed an adaptive method to determine the actual window length and computed backscatter strength for the two operating frequencies. We selected 10% of the highest peak value as a threshold level to identify the initial and final endpoints of the data window for the receiving envelope waveform. When analysing the data, we used the echo-waveform envelopes with numerous distinct peaks: we did not employ an averaging technique to smooth the data, as other workers have done.
Results and discussion
Coherence parameter results using peak PDF
The data points in Figure 4 represent the experimental echo-peak PDFs, and the curves describe the theoretical PDFs for the 210 and 33 kHz frequencies, respectively. We know that the scattering phenomenon is dependent on the sound-signal operating frequency, which is relatively dominant for 210 kHz rather than for the 33 kHz signal. In 210 kHz signal data from location 1, which has coarser sediments and very high CaCO 3 content, and locations 5 and 6, with fine grain sediments, the γ values are comparatively low, whereas for mixed type sediment at locations 2 and 3, the γ values are high (Table 1) . Stanton and Clay (1986) show that for the same seafloor, if the γ values at a particular operating frequency are known, then we can predict γ values for any other frequency. Accordingly, at the 33 kHz operating frequency, the γ value is expected to have higher values than the corresponding 210 kHz frequency for the same seafloor, and we observe this in our estimated γ values (except at location 3). However, we found irregular γ values for the 33 kHz operating frequency owing to its higher penetration ability. Therefore, γ values cannot be predicted correctly, especially when there is a complex seafloor system where surface and immediately subsurface sediments are dominant with varying grain size, CaCO 3 content, and benthic habitats. The results of the model study using echopeak PDF data show some interesting seafloor roughness parameters, when employing Rice PDFbased models. However, there was no significant correlation among the estimated coherence parameters for two operating frequencies for different seafloor locations (Tables 1 and 3 ).
Backscatter
For the 210 kHz frequency there is clear distinction between the first three locations in their coarser sand and silty sand sediments and their relatively clayey sediment in terms of backscatter strength and received pulse length (Figure 5a ). However, the backscatter strength and pulse lengths are higher at locations 1 and 2, which contain sand and silty sand with CaCO 3 content of 91% and 75.3%, respectively. The relatively higher backscatter strength and low pulse length at location 3 may be attributed to the reduced CaCO 3 content of sediments (41.6%) there. Backscatter strengths were higher and the spread of received pulse lengths relatively wide for the three coarse/mixed-grain sediments. This indicates a dominant but fluctuating scattering phenomenon in the coarse/mixed-grain sediment locations, especially those with high CaCO 3 content. Moreover, there were distinct clustering patterns among coarse/mixed and fine-grain seafloor sediments (low backscatter strength and well compressed receiving pulse length). The mean backscatter strengths of 210 kHz signals are lower (around 6-14 dB) for fine-grain, silty clay sediments than the coarse/mixed-grain sandy and silty sand sediments. This difference is similar to that found by Davis et al. (1996) for a frequency of 100 kHz. However, 33 kHz data in this study provide no clear clustering pattern between backscatter strength (Table 1 ) and received pulse lengths for locations 1-7 (Figure 5b ). No significant variation in backscatter strength was obtained for 33 kHz signal data for various sediment regimes (Table 1 ). This result is completely different from that of the 210 kHz data set, in which interface (seawater-seafloor) scattering is dominant. For 33 kHz backscatter signal, sediment volume scatter is a major contributor because of its comparatively low attenuation coefficient, i.e. higher penetration ability. Unlike 210 kHz, no clear difference is seen in backscatter values between the coarser and fine-grained seafloor sediment.
Qualitative comparison between backscatter strength and habitat details (e.g. population density and biomass) reveals a different view about echosounder operating frequencies (Table 2 ). Apart from statistical data for the habitats, Table 2 provides details about the species from the locations 2, 3, 4, 6, and 7. Interestingly, in the case of the 210 kHz frequency, the backscatter strength in coarse/mixedgrain sediments is directly controlled by macrobenthic groups such as bivalves and gastropods.
However, polychaetes are found at almost all locations. The backscatter strength is generally low, particularly for fine-grain sediments with less biomass of dominant polychaetes. There is no distinct relationship among population density and backscatter strength for the 210 kHz frequency. For the 33 kHz signal, backscatter strengths are generally stronger than for the 210 kHz signal, but there is no relationship between backscatter strength and biomass/population density of a species. Jackson et al. (1996) established the usefulness of statistical techniques in understanding the spatial and temporal dependence of benthic differences via backscatter signals. In this study, we employ correlation statistics to acoustic backscatter data in order to understand the processes involved. The correlation coefficients were computed for each station from the backscatter strengths and estimated coherence parameters with respect to available environmental parameters such as sediment grain size (sand, silt and clay percentages), CaCO 3 (%), benthic biomass, and population density. Table 3 provides details of the results in matrix form for locations 1-7. The correlation coefficients were significantly high for backscatter-strength data at 210 kHz. Very high correlation coefficients were Earlier, we presented data along the transect of seven locations ( Figure 1 , Table 1 ). However, in order to validate these results we also include the results from seven other locations (8) (9) (10) (11) (12) (13) (14) in the vicinity of the transect (see Figure 1) . However, the coherence parameters of these data sets were not computed because of their insignificant correlations with sediment and benthic parameters. Owing to the non-availability of benthic data from locations 8-14, we do not have population density and biomass parameters for correlation studies. To investigate the interrelationships among estimated backscatter strength and sediment grain-size distribution, we present correlation coefficients in Table   3 . Those correlation coefficients relate to the operational frequency applied. Correlations were good for 210 kHz backscatter signals for parameters such as sand (0.83) and CaCO 3 content (0.74), but coefficients are negative for silt and clay. For the 33 kHz backscatter signal, the estimated correlation coefficients were negative for coarser sand and CaCO 3 content at locations 1-7. However, correlation was poor for silty and clay (0.28) sediments. Generally, the 33 kHz backscatter signal had better penetration ability, so may be encountering different subsurface sediment layer compositions at locations 1-7, although the surface sediments are the same. The sediment grain-size information provided for this study is based on the top sediment surface acquired by a grab, so cannot be used for subsurface layers of sediment. Table 3 are similar for the 210 kHz signal and all sediment types, but the 33 kHz signal encountered different sediment environments because of its better signal-penetration capability.
Correlation analysis
Overview
We have attempted to identify interrelationships between various seafloor parameters in terms of backscatter-echo signal data acquired using a dual-frequency, single vertical-beam echosounder on the continental shelf of the Arabian Sea off western India (near Marmugao). Similar power-law exponent parameters are obtained using seafloor topographic data for two frequencies (33 kHz and 210 kHz).
Tapped dual frequency (210 kHz and 33 kHz) echosounder peak data were used for Rice PDF-based studies to estimate the coherence parameter from a transect. They do not show any regular variations with respect to the seafloor sediment or habitat parameters. However, in order to incorporate a correction into backscatter strength, system-related gain parameters were utilized. Presentation in 
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